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Abstract 
The present paper contains a statement of basic provisions of the estimation method for the energy capacity of parts of 
mechanical transmissions of mining machinery. A method was substantiated for the assessment of the residual operation life 
period of large-pitch gears by means of regular hardness measurement of the superficial metal layer of the interaction gear 
surface. Patterns of gear hardness mutations of large-pitch gear transmissions were discovered. In order to investigate the 
influence of value and type of load upon the reduction of the operation life of the mechanical transmissions of mining machinery, 
an experimental fixture was built, and laboratory experimental work was done to study the destruction of non-standard elements. 
The strain parameters of the samples were determined, as well as local metal hardness changes in the areas adjoining the 
destruction spots. Crucial strain corresponds to the increased hardness with the limit value for the material given in the 
destruction area. In accordance with the experimental data, it was determined that the observed local hardness changes take place 
in areas where the stress is increased over the proportionality limit, and the work of the destruction forces assigned to the density 
of dislocations immediately adjoining the destruction plane is expressed as hardness increment, the latter being a constant value. 
© 2016 The Authors. Published by Elsevier Ltd. 
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Nomenclature 
A ROL is residual operation life 
 
The substantiation of the intervals of inspections, repairs, and depreciation of mining equipment is carried out by 
means of the estimation of the technical state-of-order and the ROL period of equipment parts. Traditional 
surveillance of mechanical transmissions does not provide prompt and sufficiently precise assessment of the ROL 
period of gears. For the time being, one of the most promising ROL estimation methods of large-pitch mechanical 
gear transmissions of mining machinery is the monitoring of the superficial metal layer hardness in the areas close to 
destruction spots. 
Investigations on fatiguous destruction of metals [1, 2], friction and wear in machinery parts have shown that the 
part material is destructed on achievement of a certain part-specific crucial value of inner energy, that is, every 
element of mechanical transmission has its own energy capacity. The work duration of such element is determined 
by the tempo, this capacity expires with. The energetic approach to the operation life estimation allows for 
consideration of the work intensity of both the machine as a whole, and its individual elements [3, 4]. 
The energy capacity value is constant for machines of the same type, and it is determined by material features of 
the part, the power train configuration, the technology of its manufacture, and does not depend on the load value if 
the latter does not exceed the admissible limit. The ROL of the part and the onset moment of the limit state is 
proportionally dependent on power dissipation in the transmission elements. Thus, the energy capacity is a property 
of such power drive part of a mining machine, and it can be calculated after the following formula: 
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where KK is the energy capacity, kW·h; TɊ is the operation life, hrs.; 'P(t) is the power dissipation function within a 
period t, kW. 
Still, this approach considers the whole power plant as a “black box”, regardless of the physical essence of the 
destruction process, not allowing for efficient clearing reasons of a would-be failure and would-be weak points. That 
drawback has been eliminated during the development of the calculation method of the energy capacity [5]. 
Considering the problem of the energy capacity estimation of a transmission gear, considering all destruction types, 
the energy capacity value should be calculated after the following formula: 
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where P´ is the specific loss value equal to the dissipation during a load cycle, W; mi is the exponent of the equation 
of the energy capacity curve; KBi is the individual influence of a factor of each of the destruction criteria: contact 
spalling, bending strength and wear of active gear tooth surfaces; Nilim is the leading criterion (of the following 
criteria: Nɧ max is the number of cycles up to destruction as per tooth contact strength criterion, Nfmax is the number of 
cycles up to destruction as per tooth bending strength criterion, NJmax is the number of cycles up to discarding as per 
tooth work surface wear criterion) causing a specific failure; Ai is the constant factor of the energy capacity curve. 
An indisputable advantage of the calculatory energy capacity estimation is the possibility of a theoretical and 
experimental assessment of the ROL period of such transmission elements as gear wheels allowing for joint 
consideration of wear phenomena, contact and bending tooth loads, for consideration of specific influence of each 
factor on the operation life of a gear wheel as a whole, dependent upon the transmission parameters and properties 
of each of the gear wheels. 
It is well known, that the destruction work is proportional to the density of dislocations within the sample as a 
result of inner stress. The stress is, in its turn, the reaction to some external impact. Thus, the assessment of the 
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specific energy to build-up crucial density of dislocations within immediate vicinity of the destruction plane of the 
parts is only possible by means of regular hardness measurements of the superficial layer of the parts. 
Experimental investigations of the change pattern of the superficial hardness of the metal in increased wear and 
destruction areas of mechanical transmission parts of mining machines have been carried out by the Department of 
Mechanical Engineering of the Mining University (St.-Petersburg). The measurements were conducted by beans of 
an all-purpose hardness measurement device Zwick ZHU187 (with a four-face pyramid as indentor; 100 N lad; 10 s 
exposure time). The pattern of the local superficial hardness change of teeth of large-pitch gears was investigated on 
gear wheels of an excavator winch of EKG type, after about 1000 machine hours of operation. Measurements were 
conducted on 11 teeth of the gear wheel (pitch m=8) on their side faces. The investigation method envisaged a 
subdivision of the surface of each tooth in 76 sections, with 3…5 measurement points in each one (Fig. 1). 
 
Fig. 1 – Change pattern of superficial hardness of a large-pitch gear wheel (m = 8 mm, z = 19), rated hardness 173 HV 
Comparing the obtained results with the model of stressed strain state of the teeth during their work a similarity 
of changes of local increased hardness areas with the maximum stress from the bending strain was confirmed (Fig. 
2). 
 
Fig. 2 – Distribution of basic stress within a gear tooth 
The detected hardness changing patterns are connected with the changes process of the strength properties of the 
metal and are allowing for recognition of micro and macro mechanisms of plastic and elastic strain causing the 
distortion of the crystal grid of the metal with building-up and displacement of vacancies and dislocations. The 
density change of the inner material energy is proportional to the inner volume of accumulated dislocations, is not 
dependent on the load application conditions being a physical constant of the material [6]. 
During their work the gear transmissions of mining machinery experience loads which stipulate different 
characters of the current of the destruction process within the parts. The differing within the single energy flow 
through the teeth engagement during the power transmission of flows which cause an accumulation of dislocations 
within the tooth material leading to the destruction of the teeth during the wear, fatiguous destruction of the working 
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surfaces and teeth breach, is difficult [7, 8]. The solving of this problem is possible based on the results of the 
investigation of the process of deformation of mining machinery parts under load and of the accumulation 
mechanism of dislocations and vacancies within their material. 
The study of the local hardness changes in strain and destruction of non-standard samples was performed on a 
static load test machine by Zwick Roell. As a sample an LVP-12u0,5 band of St 10 steel (Fig. 3) was taken. The use 
of uniform samples with uniform physical and mechanical properties enables carrying out of numerous tests with 
high repeatability of the obtained results. The periodically changing sample form allows for different stress values in 
one-force impact field of a sample. Non-standard samples of the LVP-12u0,5 band are easily repeatable. 
 
 
Fig. 3 – Sample dimensions (a) – prior to extension; (b) – after extension 
The first series of 5 samples was subjected to extension up to destruction. The average destruction work value of 
this series of 5 samples 210 mm long each one, as measured in the course of static extension test in Zwick Roell 
machine, equals to 3,07 J. The destructed samples were scanned simultaneously together with unloaded reference 
samples of the same lot (5 pcs.) with a metal ruler after GOST 427-75 as measurement master. The measurements of 
linear dimensions were conducted in Paint.net PC software on retrieved scanned images by means of conversion of 
pixel values into metric units. 
The obtained linear measurement results prior to and after the destruction have shown that the axial ellipse’s 
dimensions a and b (Fig. 3, b) had changed by +41,7 % and -29,7 %, respectively, as compared with the initial 
values. The sample bores dimensions, beginning with the closest one to the destruction plane, got changed linearly, 
getting closer and closer to the respective initial sample dimensions. However, the dimensions between the limits 
Lmin and Lmax, as well as the width of the link h experienced the changes of 6,9 %, 3,2 %, and 0,12 %, respectively, 
the values for the element h lying within the measurement error. It is the evidence of the sample in the link area h 
having not experienced any essential strain, the sample elongations beyond the bores are negligible, subject to strain 
were only sample areas around the bores. The hazardous section of the sample is also there. 
Along with the linear measurements of the samples, hardness measurements were carried out on destructed and 
initial samples. Fig. 3, b shows the areas of the superficial layer’s hardness measurements. 
1.  Along the ellipse’s axis line b, as well as on parallel lines at up to 1,5 mm distance from it. The selection of 
this area is stipulated by the fact that exactly there the destruction of all the five extended samples took place. 
Totally, 18 measurements for each bore were conducted (see Pos. 1, Fig. 3, b). 
2. Along the line of the link h, as well as on parallel lines at up to 1,5 mm distance from it. This area is a would-
be hazardous section as it is the narrowest in the area L between the ellipse’s. Totally, 21 measurements on each link 
were conducted (see Pos. 2, Fig. 3, b). 
3. Along the medial line enveloping the bores. Measurements were performed along the three lines, equidistant to 
the inner circumference of the sample bores, equidistant from each other, with 3 measurements in each area, totally 
9 measurements on each element (see Pos. 3, Fig. 3, b). 
The obtained measurement results were processed by means of mathematical statistics methods (Fig. 4).  
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The range of the hardness value of the sample from the disruption plane to the periphery is a wave-shape curve 
with maximum hardness values in the perforation area (Pos. 1, Fig. 3, b) and minimum values in the narrow area of 
the sample link (Pos. 2, Fig. 3, b). Comparing the dimension range with the sample hardness range, a conclusion can 
be made that the largest strain corresponds the highest hardness increase, with a maximum in the destruction area. 
 
Fig. 4 – Hardness changing within samples destroyed in Zwick Roell static loading test machines as compared with the basic hardness value 
HVS=115,5HV 
Simultaneously with laboratory disruption tests, it was planned to subject the samples to alternating bending. For 
this purpose, a fixture was designed and built (physical pendulum) representing a simulative model of dissipative 
energy flux through a gear tooth during the work of a gear wheel (Fig. 5).  
 
Fig. 5 – Experimental fixture 
The fixture contains a pendulum 2 of isosceles triangle shape with the apical angle 0…30°, carrying a weight 3. 
A clamp 4 is fastened to the pendulum in which a sample, an indentor or a tool 5 can be clamped. A motion monitor 
6 of the pendulum is connected to a PC with a flexible element 7 fixed to a carriage 8 mounted on the bottom part of 
623 I.E. Zvonarev et al. /  Procedia Engineering  150 ( 2016 )  618 – 625 
the baseplate with a tensioning device 9 and a clamp 10. The pendulum is rigidly linked with the baseplate 1 in the 
suspension point with a possibility of sample placement between them [9]. 
A tooth (of a gear wheel) in the engagement experiences bending, wear of active tooth surfaces, being a 
consequence of a contact load. The pendulum fixture allows for emission of the dissipation losses of a single gear 
wheel of a pair, thereby the bending stress of the samples fixed in the clamp of the fixture will correlate with 
bending stress of the teeth, the tensile loads on the teeth will simulate the contact stress, and the friction effect in the 
engagement will correspond to the slip process of the bottom roller fixed in the pendulum over the surface of the 
friction element of the carriage. For the estimation of the influence on the dissipation losses household of each of the 
elements there is an option of their element-wise assessment. Concurrently, it is possible to unite the dissipation 
losses in any voluntary combination. 
For the destruction of a sample solely by bending it is necessary to rigidly fix the samples 10 only to the upper 
part of the baseplate 1, and the whole pendulum structure will be suspended on zero-weight zero-elongation threads 
13, thus enabling the sample to experience only bend loads during the pendulum oscillation, which will emit 
bending stress of the tooth in engagement in a transmission of a mining machine. 
If the samples 10 are fixed both in the upper part of the baseplate 1 and in the pendulum 2 then the threads 13 
will be relaxed, and the whole pendulum structure will be suspended immediately on the samples proper, thus 
applying additional load by means of their extension during the pendulum oscillations and emitting contact stress in 
the gear wheels’ engagement. 
Several test series were made (7 tests in equal conditions), whereas the samples were loaded by pure bending and 
bending with simultaneous extension under the pendulum’s gravity, respectively equal to 51,15; 41,15; 31,15; 
21,15 N. The initial pendulum deflection was 31°3´. As the result of the experiments all samples were destroyed, 
thereby a number of blocks of alternating load cycles was recorded, as well as the load block type, air temperature 
and humidity for the assessment of the air resistance to the pendulum motion. The measurement data were used in 
the subsequent evaluation of the sample destruction. 
The samples destroyed in the pendulum by bending were subjected to hardness measurement of the superficial 
layer from the destruction plane to the fastening points of the sample in the fixture, after a similar method like the 
samples destroyed by extension (see. Fig. 3, b). The results of the hardness measurement of the samples were 
processed by means of mathematical statistics methods (Fig. 6). 
 
Fig. 6 – Hardness distribution along an intact sample and destroyed in the pendulum fixture at initial deflection angle 30q3c 
1 – surface hardness of an intact sample; 2 – surface hardness of a sample destroyed by bending only; 
3-6 – surface hardness of a sample destroyed by combined bending and axial extending loads 51,15; 41,15; 31,15 and 21,15 N respectively 
In Fig. 6 curve 2 represents pure bending. The hardness value smoothly sinks from the maximum down to rated 
values within one sample link. Curve 3 characterizes the co-action of bending and extending under the pendulum’s 
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gravity 51,15 N, the hardness curve is much steeper, however, the area of the first bore from the destruction plane, a 
certain hardness increase is observed. 
The analysis of the diagrams shown in Figs. 4 and 6, allows the following conclusions: independently on the load 
application pattern, in the immediate vicinity of the destruction plane the hardness values are approximately equal, 
being the evidence that the destruction takes place in the massive material on achievement of a certain number of 
distortions in the crystal grid [10]. 
The pure destruction work in the samples under recognition of the dissipation during the motion in the air: 1,69 J 
(51,15 N); 2,288 J (41,15 N); 2,81 J (31,15 N); 3,032 J (21,15 N). In the brackets, there is the force value equivalent 
to the pendulum structure gravity with the load. The specific destruction work value related to the dislocations 
density expressed via the hardness value of the superficial layer in the destruction area can be regarded constant 
within the measurement error, with a value of 0,023 J, the latter being non-controversial with the energy capacity 
and destruction kinetics theory [11, 12]. 
In spite of the fact that the accumulation of damage, consequently, the hardness increase of the superficial layer 
of the part’s material, is not necessarily monotonously changing [13, 14], one can assume that the process has a 
certain constant velocity during a lapse of time (or output) vastly exceeding the power impact duration [15]. In a 
stationary ongoing process of damage accumulation, and being aware of the actual hardness value, e.g., of the 
tooth’s face surface, detected during the surveillance procedures, and having determined the limit hardness for the 
destroyed sample, it is possible to estimate the ROL value of a gear tooth after the fatiguous bending strength 
criterion: 
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where TYFɊres is the conventional ROL value of a gear wheel after the fatiguous bending strength criterion, hrs.; T is 
the operation life of the transmission, subject to calculation by means of standard methods or to experimental 
evaluation for particular operation conditions, hrs.;'HVF  is the superficial layer hardness increment of the tooth’s 
lateral face in its hazardous section, HV; 'HVMAX is the maximum possible (hazardous) superficial hardness 
increment of the tooth’s lateral face in respect to an intact sample, HV. 
In a similar way, the conventional ROL value after the wear criterion will be calculated as 
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,  (4) 
where TYIɊres is the conventional ROL value of a gear wheel after the wear criterion, hrs.; [S] is the admissible wear, 
mm (kg or m3); 'S is the wear value at the moment of surveillance, mm (kg or m3).  
The hardness monitoring of the superficial layer of the work surface of a gear tooth allows for assessment of the 
proportion of wear and destruction after the criterion of the contact fatigue of the teeth’s surface. If the hardness of 
the working surfaces of the teeth remains unchanged, it is obvious that the wear prevails. 
If an assessment of the ROL value after the contact load capacity criterion is required, then it should be estimated 
similarly to the equation (3), but under recognition of the wear and the accumulation of contact fatigue damage 
occurring within one and the same surface 
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where TYHɊres is the conventional ROL value after the contact load capacity criterion, hrs. 
Whereas all the three degrading processes are simultaneous, it is advisable, for the assessment of the influence 
share of one of the three gear wheel destruction types (equations 3-5), to use the following proportion:  
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where KBi is a factor representing the distribution of the wear types. 
Further, when both parts of the equations (1-3) are multiplied by the respective value of the factor KBi the ROL 
value is estimated immediately after the required surveillance parameters, simultaneously with the influence 
assessment of all the three destruction factors.  
Thus, the specific destruction work value as density of dislocations, expressed via the superficial layer hardness 
value within the destruction area, is a constant value. From the preceding, it may be seen that the residual operation 
life value of parts of mechanical transmissions of mining machines can be estimated with high precision based on 
superficial hardness changes of local areas subject to intensive wear, in particular, those of the contact spots of gear 
teeth. The mission may be inverted to experimental detection of would-be hazardous sections in accordance with the 
localization of high superficial hardness areas. It is worth pointing out that the superficial hardness value of a sample 
with applied load is changing in accordance with the intensity of stress achieving its maximum value in the 
destruction area. The accumulation of distortions (dislocations) within the sample at one-axis extension is 
decreasing with the increasing of the distance from the destruction plane. The limit hardness value of the sample in 
the destruction plane does not depend on the destruction method, but is determined by the limit value of dislocations 
(distortions) density within the material of the sample. 
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